Development of the protocol Chromatin contains, by mass, about twice as much protein as DNA, and these chromatin-associated proteins have crucial roles in all biological processes that take place in the eukaryotic genome. Unbiased proteomic interrogation of this 'chromatome' could provide important information when studying processes that take place in chromatin. Proteomic studies on the chromatome could include, for example, the identification of transcription factors binding to chromatin in response to a physiological stimulus or the discovery of novel DNA repair factors after induction of DNA damage. To make such studies possible, we sought to develop a procedure for chromatin enrichment that satisfied the following three requirements: first, the procedure should enrich whole chromatin in an unbiased manner, i.e., neither lose out on transiently bound factors nor preferentially target any specific chromosome region; second, it should ideally provide a chromatin snapshot enabling one to avoid obscuring results through secondary effects during the purification procedure; and, finally, it should be quick and simple to implement, so that it can be carried out in every molecular biology laboratory. We called the resulting biochemical procedure ChEP 1 .
an untreated (mock) control based on stable isotope labeling by amino acids in cell culture (SILAC) 3 . A key advantage of this metabolic labeling approach is that tissue culture cells grown in different conditions can be pooled together immediately after collection, thus avoiding artifacts introduced by differential downstream handling of samples. However, when confluent monolayers of cells are cross-linked with formaldehyde, they can form clumps, making it difficult to accurately determine cell numbers and pool cells accordingly. In our experience, the best way to pool SILAC samples for ChEP is to perform cell lysis and RNase digestion of nuclei from cells grown in light and heavy SILAC medium separately. While nuclei are being digested, the protein concentration in their respective cytoplasmic supernatants can be determined, and nuclei can then be pooled accurately on the basis of this measurement (Fig. 1b) . Alternatively, for quantitative analysis of chromatin from cells that do not grow in SILAC medium (e.g., primary cell lines), we compare unlabeled chromatin samples using SILAC-labeled chromatin from a reference cell line or pool of cell lines as an internal standard. The use of an internal SILAC standard has been described previously, including culturederived isotope tags 4 , super-SILAC 5 and spike-in SILAC 6 .
We found that resuspending nuclei or chromatin in SDS buffer first, and subsequently mixing in the urea buffer, was more practical than adding SDS buffer and urea buffer concomitantly, as the high SDS concentration prevents chromatin from sticking to the pipette tips (data not shown). In addition, urea disintegrates SDS micelles and disrupts SDS-protein interactions 7 , so the application of urea after SDS buffer is likely to be a more effective solubilization strategy. Note that careful but thorough mixing of the SDS-resuspended nuclei or chromatin with the urea buffer is absolutely essential in the present protocol. Overlaying SDSresuspended nuclei on a urea gradient would require overnight ultracentrifugation in order to pellet chromatin 8 .
One problem with urea is that when its mixture with proteins is heated above 37 °C, it promotes protein carbamylation, a modification that interferes with protein identification by mass spectrometry. For this reason, we include in the PROCEDURE a wash step to remove urea from the mixture before boiling the samples to reverse formaldehyde cross-links. Cross-link reversal enables proteins to efficiently enter the SDS-PAGE gel. We have not observed any influence of formaldehyde cross-linking on the mass spectrometric analysis of proteins.
To shear genomic DNA and to solubilize chromatin, this protocol makes use of the same equipment and conditions that are often used during ChIP. Although precise sonication conditions may need to be established for ChIP, in order to obtain DNA fragments with optimal length for immunoprecipitation, sonication in ChEP has the sole purpose of solubilizing chromatin, and we have found DNA fragment size to have no effect on subsequent steps of the protocol. Therefore, any sonication conditions may be used that solubilize chromatin completely, as made evident by the disappearance of the gelatinous pellet.
We originally planned to include an additional purification step in the PROCEDURE, whereby chromatin would be sheared, adsorbed to hydroxyapatite resin and then washed with high molar concentrations of NaCl to remove any proteins that might still be bound to DNA in an electrostatic, noncovalent manner. However, after implementation of the additional purification step just described, we did not observe any additional reduction in the amount of co-purifying nonrelevant proteins, i.e., proteins without reported chromatin function (G.K. and J.R., unpublished data). A second step that we dismissed after testing was the removal of histones through ion exchange chromatography before proteomic analysis. Histones are highly enriched as a consequence of chromatin purification and can obscure detection of less abundant proteins by mass spectrometry. However, we found ion exchange chromatography not to be specific and robust enough in histone retention as would be required for a simple, straightforward chromatin enrichment procedure (G.K. and J.R., unpublished data). Instead, trypsin digestion of bulk chromatin and subsequent in-depth proteomic analysis of all peptides appears to be a more efficient way to ensure the detection of chromatin proteins that are less abundant than histones.
Applications of ChEP
We have already used ChEP to analyze chromatin from various cell types in different biological conditions 1 . In principle, ChEP could be used to conduct chromatin proteomics studies of any cell or tissue sample that can be cross-linked with formaldehyde. So far, we have successfully used ChEP in a range of commonly used human tumor cell lines, such as HEK293, HepG2, HeLa, U2OS and MCF-7 cells 1 . We have also applied ChEP to MCF-10A, BT-474, BT-549, HCC1954, HBL-100, T-47D, ZR-75-1, SUM159PT, LY2, Hs578T, MDA-MB-468, SUM1315MO2, MDA-MB-453 and SK-BR-3 cells (K.L.H.W. and J.R., unpublished data); to human primary cell lines such as MRC-5 (C.F. and J.R., unpublished data); and to nonhuman cell lines such as chicken DT40 cells 1 . Note that ChEP can be used also for cells growing in suspension rather than as monolayers.
On the basis of ChEP experiments, we recently presented the first comprehensive inventory of human interphase chromatin 1 . As part of the same study, we have also applied ChEP and quantitative mass spectrometry to the identification of proteins that associate with chicken chromatin, depending on cyclin-dependent kinase (Cdk)-driven cell cycle progression. We have also used ChEP to purify mitotic chromosomes or to clean up mitotic chromosome fractions prepared using alternative methods (K.L.H.W., C.F. and J.R., unpublished data; note that mitotic chromosomes are highly compacted and can be purified using gradient centrifugation methods 9, 10 ). In principle, ChEP could be used as a front-end process for any procedure requiring the isolation of cross-linked chromatin. ChEP-isolated chromatin could arguably be described as the 'ChIP-able' part of the proteome, as it contains all proteins that are cross-linked, directly or indirectly, to DNA by 1% (wt/vol) formaldehyde (i.e., the starting conditions of ChIP experiments). Therefore, the results of ChEP may provide a list of any ChIP-able protein. Combining ChEP with ChIP could be useful to reduce background, and thus could increase the specificity and sensitivity of ChIPs. An additional potential nonproteomic application of ChEP could be the study of chromatin-associated RNAs, in which case the RNase treatment would have to be omitted.
Comparison with other methods
A variety of proteomic approaches have been developed to study chromatin functions, but, in contrast to ChEP, they generally focus on specific subsets of chromatin. Most methods could broadly be characterized as either locus-specific or protein-specific affinity purifications. The classic strategy of isolating sequence-specific DNA-binding proteins using their cognate sites as bait for in vitro pull-downs 11 has been complemented with quantitative proteomics readouts 12, 13 . Proteomics methods to analyze proteins binding to specific loci in vivo rely on genomic insertion of recognition sequences such as LacO, TetO or LexA sites, which enable the researcher to perform affinity purification via their binding proteins (LacI, TetR or LexA DB, respectively) [14] [15] [16] [17] [18] [19] . More recently, purification of specific chromatin domains without genomic insertion has been made possible by targeting endogenous loci using transcription activator-like (TAL) proteins or the clustered regularly interspaced short palindromic repeats (CRISPR) system 20, 21 . A strategy to enrich repetitive wild-type loci by hybridization with tagged oligonucleotides proved to be successful in conducting telomere proteomics studies 22 . We and others have reported purification procedures for newly replicated chromatin, based on the incorporation of affinity-tagged DNA base analogs [23] [24] [25] . Additional proteomic approaches have been developed to reveal chromatin-bound interaction partners of tagged proteins of interest 26, 27 and to identify heterochromatin or euchromatin-specific factors by immunoprecipitation of regions methylated at H3K9 or H3K4, respectively 28 . Histone modifications themselves have long been studied by mass spectrometry 29 , and proteins binding these marks have been identified using histone peptides 30, 31 or nucleosomes 32, 33 as baits in pull-down assays. A similar 'pull-down and quantitative proteomics' technique using modified DNA oligonucleotides identified proteins recognizing methylated and hydroxymethylated cytosine residues 34 .
Several proteomics studies have aimed, such as ChEP, to analyze whole chromatin. Shiio et al. 35 reported the proteomic analysis of the chromatin pellet, which essentially corresponds to the insoluble part of the nucleus. Although the majority of chromatinbound proteins can be expected to be in this fraction, this approach suffers from somewhat low specificity, as insolubility is not a feature that is exclusive to chromatin. Indeed, compared with a ChEP-obtained gelatinous chromatin pellet, the classical chromatin pellet is highly enriched in non-chromatin-associated proteins ( Fig. 2a,b ; ref. 1). Modified procedures to obtain chromatin pellets for proteomics have been reported, including the use of detergents to enhance purification stringency [36] [37] [38] . Chromatin pellets have also been subjected to acid, salt or DNase extraction to enrich them further with chromatin factors [39] [40] [41] . Note that the mentioned additional biochemical enrichment procedures may skew the analysis toward preferentially identifying subsets of chromatin proteins, such as proteins that are soluble at a particular salt concentration or those that remain associated with chromatin even in the presence of detergents. ChEP enriches chromatin on the basis of 'cross-linkability' rather than solubility, thus minimizing losses of transiently chromatin-bound factors and reducing the risk of purification artifacts introduced after cell lysis. For example, among the most highly enriched proteins in ChEP compared with the chromatin pellet defined above are the four subunits of DNA polymerase α, which is notorious for 35 . A ChEP sample from cells grown in heavy SILAC medium is mixed with a chromatin pellet from unlabeled cells. (a) SILAC ratios are plotted against protein intensities to show the enrichment of known chromatin-associated proteins (red) and depletion of proteins without reported chromatin function (blue) from ChEP-isolated fractions compared with those isolated from a classical chromatin pellet. Proteins were manually annotated on the basis of UniProt and literature evidence 1 . Only proteins that could clearly be assigned to either category are plotted. (b) Box plot breaking down the same experiment into functional categories, including uncharacterized proteins not shown in a. The number of proteins per category is shown in parentheses. Proteins depleted in the ChEP fractions include those without expected chromatin function (i.e., contaminants) and proteins related to RNA processing, probably depleted after RNase treatment. Some genuine chromatin proteins are also depleted after ChEP implementation. These are generally multifunctional proteins, such as the mitochondrial prohibitins 1 and 2, which have additional roles as modulators of nuclear transcription. Note that such proteins may be depleted in ChEP fractions simply because their main pool is not chromatin-associated under the biological condition in question. The box plot was generated using BoxPlotR 53 ; whiskers extend to data points that are <1.5 interquartile ranges away from the first and third quartile ('Tukey' whiskers). Adapted from Kustatscher et al. 1 leaking into the cytoplasm upon cell disruption 42 but is stabilized by cross-linking. Chromatin enriched via ChEP contains fewer contaminants than the classical chromatin pellet. Nevertheless, the presence of a protein in ChEP fractions is not sufficient to conclude that it has a function in chromatin, as numerous proteins without expected chromatin function remain in these samples. However, we would argue that completeness and preservation of in vivo chromatin features through cross-linking are essential for studying chromatin-resident processes by proteomics. We have recently provided a comprehensive inventory of interphase chromatinassociated proteins, but for this we did not rely on a single ChEP purification 1 . Instead, we used a machine-learning approach to integrate the composition of ChEP fractions from various cell types and biological conditions into the overall probability of any of 7,635 human proteins to have a chromatin-based function 1 . These probabilities can be used as a filter to focus data sets on likely chromatin factors. As a typical example, we have compared ChEP fractions from cells with or without Cdk activity and then selected uncharacterized proteins that were predicted to have a chromatin-based function for follow-up studies 1 .
Limitations
ChEP is designed for the global analysis of the protein composition of chromatin. Changes that are confined to small chromatin regions, such as a single locus, may not be apparent in a chromatomics study, if the bulk of a protein remains unaffected.
Similarly, proteins may respond to a particular stimulus by re-localizing within chromatin, leaving their overall chromatin association unaffected. However, the high accuracy of SILACbased quantitative proteomics means that even marginal overall changes can be reliably quantified.
A second potential limitation of ChEP is that formaldehyde cross-linking may not be effective for all chromatin factors. For example, it has been shown that formaldehyde cross-linking is insufficient to preserve chromatin association of several known chromatin factors for robust ChIP [43] [44] [45] [46] . However, out of the eight proteins mentioned in these studies, we find six in a typical ChEP analysis covering ~3,500 proteins, which is still far from being an exhaustive chromatin analysis. In contrast to ChIP, we therefore believe that the vast majority of chromatin factors can be observed using the ChEP protocol.
Finally, as discussed above, a complete separation of chromatinassociated proteins from non-chromatin-associated proteins cannot be achieved by ChEP or by any other fractionation procedure that we are aware of. The presence of a protein in ChEP fractions is therefore not sufficient to conclude that it truly associates with chromatin. However, ChEP enriches all chromatin-associated proteins while removing contaminants more efficiently than an analogous procedure (Fig. 2) , thus ensuring optimal detection of chromatin factors by mass spectrometry. To further enhance the value of any detected candidate proteins, they can be sorted according to their reported interphase chromatin probabilities 1 , which integrate the collective data of many chromatin analyses. (Fig. 1a) or for quantitative chromatin proteomics comparing the composition of two samples with each other (Fig. 1b) , the latter approach being described in this PROCEDURE. To analyze chromatin from a single growth condition, simply skip Steps 15 and 16.  crItIcal Directions in Steps 1-8 apply to adherent cell lines. When growing cells in suspension, adapt Steps 2 and 5 to rinse cells with PBS by centrifugation, using centrifugation conditions that are appropriate for the cell line in question (e.g., for DT40 cells, use 375g for 3 min at room temperature). In addition, perform the incubations at Steps 3 and 4 in tubes on a rotating wheel rather than on plates, and skip Steps 6 and 7, which are specific for adherent cells.
MaterIals

REAGENTS
1|
For each condition and/or treatment to be analyzed, prepare a confluent 150-cm 2 plate of cells using light and heavy SILAC medium, respectively (see Ong and Mann 47 for how to perform a SILAC experiment, including growing cells in SILAC medium).  crItIcal step We recommend performing this step in triplicate to obtain three independent biological replicate samples and ensure reproducibility of the results. Ideally, one of the replicates is a 'label-swap' experiment. In other words, if condition A was such that the culture medium contained unlabeled amino acids, whereas condition B involved the presence of isotopically labeled amino acids, then in one replica labeling is inverted such that condition A becomes the labeled condition and condition B becomes the unlabeled one.
2| Rinse the cells with PBS.
3| Add 1% (wt/vol) formaldehyde in PBS to the plates, using 10 ml per 150-cm 2 plate, and incubate the plates for 10 min at 37 °C in the CO 2 incubator. After 5 min, briefly remove the plates from the incubator and rock them gently by hand at room temperature for a few seconds to ensure even exposure of cells to formaldehyde. Return the plates into the incubator to complete the 10-min incubation at 37 °C.  crItIcal step The cross-linking conditions are crucial for successful chromatin enrichment. In particular, make sure that PBS is warmed up in a water bath before it is mixed with formaldehyde. The use of a cold solution will decrease the cross-linking efficiency and interfere with subsequent steps.
4|
Halt the cross-linking reaction by adding glycine to a final concentration of 0.25 M (as estimated based on the volume of cross-linking solution used), and incubate the plates at room temperature for 5 min. After 2.5 min, gently rock the plates by hand for a few seconds, and then resume the 5-min incubation until completion.
5| Rinse the plates with PBS.
6| Scrape the cells off into 10-15 ml of PBS.
7|
Transfer the cell suspensions obtained in Step 6 from SILAC light and heavy cultures to separate conical tubes, and top up each tube to a total volume of 50 ml with PBS. To collect as many cells as possible, rinse the plates with PBS and use the rinsing solution to top up the conical tubes.
8|
Centrifuge the cell suspensions at 420g for 5 min at room temperature to obtain cell pellets at the bottom of the conical tubes. Discard the supernatants. If the pellets are to be used immediately, transfer the tubes containing the cell pellets to an ice bucket. Alternatively, please store them as detailed below.
 pause poInt The cell pellets can be stored at −80 °C for several months. 
10|
Resuspend each cell pellet in 1 ml of ice-cold cell lysis buffer and transfer the resulting suspension to 2-ml Eppendorf tubes.
11| Homogenize the cell pellets by carefully pipetting up and down, e.g., with a 200-µl pipette tip.
12|
Centrifuge the suspensions prepared in Step 11 at 2,300g for 5 min at 4 °C. The pellet that forms at the bottom of the tube will be composed of cell nuclei, which will not be pure at this point. Please note that the mentioned lack of purity is not a problem at this stage.
13|
Transfer the supernatants (the cytoplasmic fraction) to new tubes. Make sure to transfer the entire amount of the cytoplasmic fraction.
14|
Resuspend each nuclei pellet in 500 µl of cell lysis buffer containing 200 µg/ml RNase A and incubate for 15 min at 37 °C; next, put the tubes on ice.  crItIcal step Do not add RNase A to the buffer if the ChEP sample is to be used to study chromatin-associated RNAs or proteins that associate with chromatin in an RNA-dependent manner.
15| While the nuclei are being digested, make sure that cytoplasmic fractions from cells grown in light and heavy medium have the same volume, and compare their protein concentrations by the Bradford assay (a relative quantification is sufficient; producing a standard curve is not required).
16|
Resuspend RNase-digested nuclei well by careful pipetting, and then combine equal amounts of nuclei suspensions from light and heavy SILAC samples on the basis of the protein content of the cytoplasmic fractions. Naturally, this approach is based on the assumption that the concentration of cytoplasmic extracts reflects the concentration of nuclei suspensions, which we found to be correct (data not shown).
17|
Centrifuge the pooled nuclei suspension from Step 16 at 2,300g for 10 min at 4 °C. Discard the supernatant and proceed immediately to Step 18.
chromatin enrichment • tIMInG 4 h 18| Resuspend the pellet containing the nuclei in 500 µl of SDS buffer using hydrophobic 200-µl pipette tips, and then incubate the suspension for 10 min at room temperature.  crItIcal step Nuclei will lyse quickly, and the solution will become very viscous owing to the release of chromatin. The use of hydrophobic pipette tips is recommended to avoid retaining a substantial amount of this sticky solution inside the tip. It is crucial that the sample be completely resuspended at this stage, as any remaining clumps will not usually be dissolved at later stages of the protocol. Homogenize the mixture carefully by pipetting up and down slowly, but do not pipette rapidly or vortex the sample in order to avoid mechanical shearing of DNA.
19| Add 1.5 ml of urea buffer and mix thoroughly by inverting the tube several times.
20|
Centrifuge the tube at 16,100g for 30 min at 25 °C (or at room temperature, but do not cool the centrifuge).
21| Discard the supernatant. Remove the supernatant carefully, as the pellet will be completely transparent. The pellet is relatively compact, so the supernatant can be removed easily without disturbing it. Note that the pellet will be bigger than the nuclei pellet obtained in Step 17.
? trouBlesHootInG
22|
To wash out contaminants, resuspend the pellet using a hydrophobic tip in 500 µl of SDS buffer; next, add 1.5 ml of urea buffer and mix by inverting the tube several times. Spin down the tube at 16,100g for 25 min, at 25 °C (or at room temperature, but do not cool the centrifuge). Discard the supernatant.
23|
To wash out urea, resuspend the pellet using a hydrophobic tip in 500 µl of SDS buffer; add another 1.5 ml of SDS buffer and mix by inverting the tube several times. Spin down the tube at 16,100g for 25 min, at 25 °C (or at room temperature, but do not cool the centrifuge). Discard the supernatant.
24|
Cover the pellet with 0.2-0.5 ml of storage buffer and flick the tube a few times to dislodge the pellet from the bottom of the tube. Keep the tube on ice.  crItIcal step Do not try to resuspend the pellet at this stage, as in the absence of SDS it would get stuck in the pipette tip. The use of less storage buffer will give a more concentrated chromatin sample, which may be desirable for certain downstream applications.
25|
Sonicate the tube in a mixture of ice and water for 15 min, in alternating 30-s 'on' and 30-s 'off' intervals, at the high-intensity setting.
26| Spin down the tube at 16,100g for 30 min at 4 °C.
27|
Transfer the supernatant containing sheared, cross-linked chromatin to a new tube. Note that there may not be a pellet at this stage, as
Step 25 generally solubilizes the entire sample efficiently.
? trouBlesHootInG 28| Perform a Bradford or BCA assay to determine the protein yield.  crItIcal step Components of the storage buffer, or residual traces of SDS or urea from the purification, can interfere with a Bradford or BCA assay. Consult the instructions of your protein assay kit regarding reagent compatibility, as samples may have to be diluted or precipitated to comply with certain protein assay formats. We have successfully used both Bradford and BCA assays to determine protein yield at this point.
29|
Add 4× SDS-PAGE loading buffer to a final concentration of 1× and incubate the mixture for 30 min at 98 °C to reverse the formation of cross-links, opening the lid several times to allow the formaldehyde to evaporate.
30|
Spin down briefly to collect all of the liquid at the bottom of the tube (e.g., 16 ,100g for 15 s at room temperature) and store the sample at −80 °C.  pause poInt The sample can be stored at −80 °C for several months.
proteomic analysis • tIMInG 24-96 h 31| Digest the protein mixtures into peptides using the protocols described by Shevchenko et al. 49 (in-gel trypsin digestion) or by Wis´niewski et al. 7 (in-solution trypsin digestion).  crItIcal step ChEP-based chromatin fractions contain residual SDS, which needs to be removed before mass spectrometry is carried out. Both of the mentioned protocols for trypsin digestion remove SDS efficiently, and they are equally well suited for this step.
32|
Desalt the peptide mixtures obtained in Step 31, as described by Rappsilber et al. 50, 51 , and perform LC-MS/MS.
33|
Process MS raw data in MaxQuant software (see Cox et al. 52 for a step-by-step guide on how to use MaxQuant).
Data analysis • tIMInG 2 h 34|
A P value for the detection of significant outlier ratios can be calculated, for example using significance B 48 in Perseus software.
35| A typical SILAC experiment reveals a number of significant, reproducible outliers, but these outliers often include proteins without expected chromatin function. Interphase chromatin probabilities (see the supplementary material in Kustatscher et al. 1 ) can focus ChEP results and other data sets on likely chromatin proteins. For example, a chromatin probability of 0.8 means that 8 of 10 reference proteins with this value have a reported chromatin-based function. The chromatin probability of significant outliers can therefore be helpful in selecting candidates for follow-up studies 1, 25 .
? trouBlesHootInG step 9 Cell types such as IMR-90 and WI-38 primary human fibroblasts and chicken DT40 cells appear to be relatively fragile and can sometimes become lysed upon thawing of cross-linked, frozen cell pellets. This problem can be avoided by scaling up the experiment to include more cells. Alternatively, one may directly proceed to the pelleting of chromatin at Step 18, omitting nuclei isolation and RNase digestion, which could potentially provide a (suboptimal) sample for proteomic analysis.
step 21
If no pellet is observed at this step, it could be due to having applied conditions that led to inadequate cross-linking. To avoid ineffective cross-linking, suitable strategies may include, for example, not using chilled PBS to prepare the 1% (wt/vol) formaldehyde solution, but making sure that it is warmed up in a water bath beforehand. An alternative explanation to the lack of formation of the gelatinous chromatin pellet could be an insufficient amount of starting material. Make sure to follow the guidelines for the amount of starting material provided in the Reagents section. A third possibility is that the solutions referred to in Step 19 were not mixed properly. Chromatin floating on top of a urea cushion would not precipitate under the conditions used in this protocol. Make sure to mix solutions as indicated at Step 19 by inverting the tube several times (e.g., ten times).
step 27
A very small opaque pellet, if any, should be expected at this step. If there is still a transparent, gelatinous pellet, sonication was not sufficient to solubilize all chromatin, indicating that either sonication or cross-linking conditions were not completely successful or that too much starting material was used. Solve this problem by repeating Steps 25-27.
• tIMInG The timings given are for a single quantitative experiment. Processing multiple samples simultaneously will not extend the timing markedly, as long as sufficient space in the centrifuge is available to handle samples in parallel. 
antIcIpateD results
The expected yield of a ChEP preparation from two confluent 150-cm 2 plates of cells is in the range of 500 µg of protein.
The enrichment of histones should be evident by SDS-PAGE, thus indicating that the procedure worked (Fig. 3a) . The number of proteins identified in these samples depends on the scale of the proteomic analysis. Functional protein categories that are typically observed following ChEP are shown in Figure 3b . Note that there can be considerable difference between ChEP fractions isolated from different cell types. This discrepancy reflects not only the cell type-specific chromatin association of transcription factors and readers or modifiers of epigenetic marks, but potentially also the amount of non-chromatinassociated proteins in a cell. ChEP-isolated chromatin from HepG2 cells, for example, is highly enriched in proteins without chromatin-related functions, compared with chromatin isolated from HEK293 cells (Fig. 3c) . This difference probably reflects the large number of metabolic enzymes present in liver cells. Quantitative differences in chromatin-associated proteins assessed by ChEP are generally highly reproducible (Fig. 3d) . Nevertheless, biological replicate experiments are necessary to ensure reproducibility of individual quantifications before selecting candidates for follow-up studies.
